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We have investigated compressive creep behavior of zinc over a wide range of tempera-
tures (0.43 to 0.95 Tm ) and strain rates (3 x 10 to 3 x 10- sec- ) as part of an investi-
gation of zinc-based particulate composites (1-3). Sample material was prepared by a powder
metallurgy technique incorporating alternate room temperature rolling and high-temperature
extrusions into 3/8" diameter rods. Such processing created a duplex grain structure of elon-
gated grains, 20 to 100 microns wide and 200 to 500 microns long, surrounded by equiaxed grains
5 to 20 microns in diameter. Furthermore, the product possessed a strong crystallographic
fiber texture; about 75% of the basal planes were within 50 of being parallel to the extrusion
axis (oriented radially to the extrusion axis) and about 50% of the prism planes were within
50 of being perpendicular (or at 600) to the extrusion axis (1,2,4). Details of the processing
technique (3) and the microstructure (5) created by it appear elsewhere. Mechanical testing'
was performed utilizing a Model TT-C Instron configured for high-temperature compression; a
few low stress/high temperature compression creep tests were made using an experimental apparatus
and technique described previously (6).
The purpose of this note is to illustrate the large anisotropy in strength observed by us in
the textured zinc sample and to compare the results with other high temperature creep data
reported for polycrystalline zinc. The salient feature of our results was the following: for
the entire range of testing, samples deformed by uniaxial loading parallel to the extrusion
axis were consistently 1.5 to 2 times stronger than samples deformed by loads applied parallel
to the extrusion axis. These results are shown in Figure 1, where the flow stress at 10% strain
iv plotted against the absolute temperature.
In spite of the presence of -1.5% ZnO introduced by sample preparation (1,2,4), longitudinal
samples of our extruded zinc rods behaved exactly as predicted by current phenomenological theory
for creep of pure metals (7,8). The material exhibited a well-defined power law region, with -a-
stress exponent of 4.5 to 5.0 and creep activation energy near the lattice self-diffusion
activation energy, 23,000 cal/mole. In the high stress/low temperature range of the data, a
normal power-law breakdown was observed, and the creep activation energy decreased to 14,000
cal/mole. The low activation energy was interpreted by us to represent dislocation pipe
diffusion. The activation energy for dislocation pipe diffusion, Q has been shown (9) to be
about equal to the activation energy for grain boundary diffusion, Qg b.' and Qg b for zinc is
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FIG. 1
Influence of texture on the high temperature strength of
extruded zinc. A schematic illustration of the fiber-
texture developed by extrusion is shown.
14,300 cal/mole (10). We therefore analyzed the data over the entire range of testing by intro-
ducing an effectiv e diffusion coefficient, in the manner suggested by Robinson et al. (11) and by
Armstrong et al. (12). The precise expression employed for Deff (in cm /sec) was:
Def 0.4 exp RT3-00 + 11.54 (CFE) e p -ta~z(1)
The result of this analyzis was very satisfactory, as can be seen in Figure 2 (longitudinal sam-
ples), where the diffusion-compensated strain rate (EID f)is plotted versus modulus-compensated
flow stress (a/E). When transverse data were reduced- to a form suitable for Figure 2, transverse
creep rates were found to be 50 to 100 times faster than longitudinal creep rates. Such large
anisotropic effects have not been previously observed; similar studies of copper (13) and iron-
silicon (14) found anisotropic creep effects of only a factor of two or three in creep rate.
We believe that anisotropic creep behavior in our powder metallurgy zinc is a manifestation
of its strong preferred crystallographic orientation. The concept of anisotropic mechanical
properties resulting from preferred orientation has long been accepted as an important considera-
tion at low temperatures, especially for hcp materials. Crystallographic texture, however, has
never been a part of any of the many phenomenological creep theories.
Our observations on the very large anisotropic effects observed in our textured zinc may also
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Influence of texture on the creep strength of zinc, plotted as
diffusion-compensated creep rate versus modulus-compensated creep
stress. The difference in creep rate noted from various investi-
gations can be attributed to a difference in texture. The values
of E were taken from the work of Koster (20).
explain the discrepancies in the creep behavior of zinc which have been reported in the literature.
Figure 2 illustrates data taken from several investigations (15-18) using an effective diffusion
coefficient to normalize for temperature 'differences in testing. The data from these various stud-
ies are found to fall roughly within the band established by our data.
..^ The creep behavior of close-packed metals can be examined by comparing their flow stress at
4 ~~~~~~~~~7 -2the same value of diffusion-compensated strain rate (C/D = 10 cm ) (7,19). Figure 3 plots these
flo* stresses against elastic modulus, the one remaining major variable (7,8). The strength of
our transverse zinc samples compares favorably with the flow stresses of other close-packed metals:
this is reasonable since the transverse samples exhibit a texture more nearly like a random poly-
crystalline aggregate (a large fraction of the transverse compression sample can deform by basal
slip). The marked texture strengthening in our longitudinal zinc samples is very evident in
Figure 3. These results would suggest a high potential for high-temperature texture strengthening
in such anisotropic materials as a-Zr, a-Ti and a-Be.
We do not yet specifically understand this texture strengthening effect in creep; the effect
could possibly be associated with any of at least three anisotropic phenomena: a) a critical
resolved shear stress (CRSS) effect, b) a subgrain formation effect, or c) a modulus effect.
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Relation between high temperature flow stress (at constant
strain rate/diffusivity ratio) and elastic modulus for a
number of close-packed polycrystalline metals. The effect
of texture on the strength of zinc is illustrated; transverse
samples of this study are similar in strength to other close-
packed metals.
The CRSS effect, a) aboved, refers to the fact that each slip system of any crystal structure is
unique in its ease of activation; if the most facile slip systems are unfavorably oriented with
respect to the applied stress because of-a strong texture, less easily activated slip systems may
be forced to operate to maintain sample integrity. An increased nominal flow stress then will
result, even if the nominal flow stress is a creep stress being measured at elevated temperature.
As for the subgrain formation effect, the formation of subgrains in-textured polycrystalline
metals has been shown to be dependent on the direction of applied stress (14, 21). Since consid-
erable evidence now exists that creep rate is strongly subgrain-size dependent (7,22) (recent
3data indicate £ proportional to X ), a change in the axis of loading of highly textured samples
could conceivably alter the subgrain formation, and in turn alter the creep behavior. Finally,
the anisotropy in elastic modulus may be responsible for anisotropic creep behavior. Elastic
modulus has been shown to be an important variable in the analysis of high temperature deforma-
tion. (7,23,24) as is illustrated in Figure 3. Since zinc exhibits high elastic anisotropy
(Ec/E~c = 3.5 at high temperature) (25),this factor probably must be taken into account in any
successful theoretical explanation of the texture strengthening we have observed in this work.
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13. ABSTRAC F : T T
It is shown that the high temperature creep strength of polycrystalline zinc
is a strong function of the texture developed in the material. Powder metallurgy
extruded zinc exhibits creep rates that are about 50 to 100 times slower in
longitudinal samples than in transverse samples in the temperature range from
0.45 to 0.95 Tm. Such large anisotropic effects have not been previously observed
and the results obtained suggest a high potential for elevated temperature texture
strengthening of such materials as a-Ti, cf-Zr and 'a-Be. The large texture strength-
ening effect observed in polycrystalline zinc may arise from (1) a direct orientation
effect (i.e. one may only need to resolve the proper shear stress and thus obtain
an effective stress which controls the creep rate), (2) a subgrain size effect if
size of subgrains are dependent on texture and (3) a modulus effect if anisotropy
of elastic constants are important in creep of polycrystals. Creep hardening by
control of texture in polycrystalline solids has not been considered in contemporary
creep theories.
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